Cosmic voids, the under-dense regions of the cosmic web, are widely used to extract cosmological information. Voids contain few, isolated galaxies, presumably expected to be less evolved and preserving memory of the pristine Universe. We use the cosmological hydrodynamical simulation Horizon-AGN coupled to the void finder VIDE to investigate properties of galaxies in cosmic voids at redshift z = 0. We find that lowmass galaxies are more common than their massive counterparts at small void-centric distances. At fixed dark matter halo mass, they also have smaller stellar masses than in denser regions. While the star formation rate of void galaxies is lower when approaching the center of voids, their sSFR increases, suggesting that these void galaxies form stars more efficiently with respect to their stellar mass. We find that this can not only be attributed to the prevalence of low-mass galaxies. As a consequence of the presence of low-mass galaxies in voids, the inner regions of voids also predominantly host lowmass BHs. However, the ratios of BH mass to galaxy mass are similar to those of the whole simulation at z = 0. Our results suggest that even if the growth channels in cosmic voids are different than in denser environments, voids grow their galaxies and BHs in a similar way. While a large fraction of the BHs have low Eddington ratios, we find that ∼ 20% could be observed as AGN with log 10 L 2−10 keV = 41.5 − 42.5 erg/s. These results pave the way to future work with larger next-generation hydro simulations, aiming to confirm our findings and prepare the application on data from upcoming large surveys such as PFS, Euclid and WFIRST.
INTRODUCTION
The evolution of the primordial density perturbations led to the formation of the large-scale structure pattern that we see today-dubbed the cosmic web-and composed of dark matter halos, large galaxy clusters, dense filaments, and emptier regions. These under-dense regions of the cosmic web-known as cosmic voids-have sizes from 10 to 100 of h −1 Mpc. They have been widely used in recent years to extract cosmological information (see, e.g. Sutter et al. 2015; Pisani et al. 2015; Hamaus et al. 2016 Hamaus et al. , 2017 Hawken et al. 2017; Pisani et al. 2019 , and references therein). Voids have E-mail: habouzit@mpia-hd.mpg.de a simple dynamic (they are dominated by coherent singlestream motions, see e.g. Shandarin 2011; Hamaus et al. 2016) . They are thus expected to be less evolved and preserve memory of the initial Universe. In this landscape, one of the topics of high interest is the study of galaxy properties and evolution in cosmic voids.
While the understanding of galaxy evolution already involves very complex physical processes, considering galaxy mergers and external processes (e.g., stripping or harassment, generally called nurture) further raises the level of complexity. The evolution of galaxies in the central regions of voids is more likely to be driven by in-situ processes only (nature), where none to very few galaxy mergers happen. Therefore cosmic voids would offer a unique laboratory of less evolved environments where one can study galaxy evolution in the absence of mergers and associated physical processes, and consequently understand the role of environment on galaxy evolution. Observationally, void galaxies have shown different properties than galaxies in more average or denser regions of the Universe (Rojas et al. 2004 (Rojas et al. , 2005 Patiri et al. 2006; von Benda-Beckmann & Müller 2008; Hoyle, Vogeley & Pan 2012; Kreckel et al. 2012; Cybulski et al. 2014) , but are still debated today (Patiri et al. 2006; Kreckel et al. 2012 ) and the conclusions driven so far may be related to the high relative abundance of low-mass galaxies in voids, as explained below. Statistically, it has been found that galaxies embedded in cosmic voids are bluer (Grogin & Geller 1999; Rojas et al. 2004) , and tend to have later morphological type (Grogin & Geller 1999; Rojas et al. 2004) . From observations, it seems that these void galaxies also have stellar disks with smaller radii compared to a control sample of late-type galaxies (van de Weygaert et al. 2011) . Using galaxy samples from SDSS, Rojas et al. (2005) compare the equivalent width (Hα, [OII] , [NII] , Hβ, [OIII]) of galaxies located in voids or walls. Larger equivalent widths are found in void galaxies, indicating that they are forming stars at a high rate, while having smaller masses, and being fainter. It results in a higher specific star formation rate (sSFR, see also van de Weygaert et al. 2011, and references therein) . The same conclusions were found in (Rojas et al. 2004 ), using photometric properties. Recently, the analysis of galaxy evolution in SDSS DR7, including more than 6000 void galaxies, showed that galaxies located in cosmic voids evolve slowly with respect to the general galaxy population, with almost all void galaxies still being on the galaxy star-forming sequence (also called main sequence) at z ∼ 0.1 − 0.01 (Ricciardelli et al. 2014) . The gas metallicity of void galaxies has been subject to debate. Void galaxies also seems to have lower gas metallicity (Pustilnik, Tepliakova & Kniazev 2011) , but these results are based on samples with only a very few galaxies, and sometimes they are part of the same parent and larger void, which may cause some bias (see discussion in Kreckel et al. 2014 , for which no significant difference is found for the metallicity). Whether these void galaxies have indeed different properties than galaxies located in denser environments, or if these differences are due or partly due to the low mass bias is still subject to intense debate. This paper aims at providing a theoretical framework to start answering these questions. Hydrodynamical cosmological simulations are a powerful resource when it comes to studying statistically and self-consistently the evolution of thousands of galaxies, especially as a function of their environment. The primary goal of this paper is to study the mass and star-forming properties of galaxies located in cosmic voids.
If, as suggested by these works using observational samples, galaxies in the central region of voids are indeed less evolved or "late" compared to galaxies in walls or denser regions, these galaxies may be ideal candidates to look for clues of pristine supermassive BH properties. BH formation in the early Universe is far from being understood, and can unfortunately not be assessed with our current observational facilities. BHs are thought to play a predominant role in galaxy formation: they are present in very different types of galaxies from dwarf galaxies to massive elliptical (Greene 2012; Kormendy & Ho 2013; McConnell & Ma 2013; Reines, Greene & Geha 2013; Miller et al. 2015) , and are believed to drive powerful feedback into their host galaxies and surroundings shaping the massive end of the galaxy luminosity function (Silk 2013, and references therein) .
The tightest observational constraint on BH formation mechanisms comes from the observation of high-redshift quasars, which are powered by the most luminous BHs, at z = 6 − 7 (Mortlock et al. 2011) . These ∼ 10 8 M objects tell us that BH seeds must have formed in the early Universe (see Valiante et al. 2017 , for a review, and references therein) with initial mass in the range 100 − 10 5 M . Theories of BH formation include the remnants of the first generation of stars (PopIII remnant model, MBH ∼ 100 M Madau & Rees 2001; Volonteri, Haardt & Madau 2003) , the collapse of very massive stars formed in primordial gas (Direct collapse model, MBH ∼ 10 4−6 M Loeb & Rasio 1994; Bromm & Loeb 2003; Koushiappas, Bullock & Dekel 2004; Spaans & Silk 2006; Begelman, Volonteri & Rees 2006; Lodato & Natarajan 2006; Dijkstra et al. 2008; Wise, Turk & Abel 2008; Regan & Haehnelt 2009) , and the collapse of massive stars formed by runaway collisions in compact stellar clusters (compact stellar cluster model, MBH ∼ 10 3 M Omukai, Schneider & Haiman 2008; Devecchi & Volonteri 2009; Regan & Haehnelt 2009; Katz, Sijacki & Haehnelt 2015) . These models determine the initial mass of BH seeds, and their abundance (i.e., the probability for galaxies to host a BH).
Clues to distinguish between these mechanisms are not to be found in evolved and massive galaxies, where several galaxy-galaxy and BH-BH mergers, as well as increased dynamical interaction, have certainly erased BH initial properties (i.e., BH mass and BH occupation fraction). All theoretical BH formation models yield distinctive galaxy occupation fractions, i.e., different probabilities that a galaxy of a given mass hosts a BH (Volonteri, Lodato & Natarajan 2008; van Wassenhove et al. 2010; Greene 2012) . Since low-mass galaxies experience fewer mergers, their BH occupation is one diagnostic for BH formation models (Greene 2012 ). Void galaxies, if mainly driven by in-situ processes, could provide a way of shedding new light on the "pristine" BH occupation fraction. We investigate this aspect in a forthcoming paper (Habouzit et al. in prep) and focus here our attention on the properties of BHs in void galaxies. The mass of BHs in low-mass galaxies is the second diagnostics to distinguish between the different formation mechanisms. The possible elevated number of low-mass galaxies expected in voids could bring new constraints on the initial mass of BHs, as well as what drives their growth from birth until today.
Finally, the fact that observed void galaxies are mostly on the main sequence (Ricciardelli et al. 2014 ) may consequently indicate that their central BHs (if they exist) may be still active as well. This has been shown in early studies of SDSS DR2, where AGN were found to be common in void galaxies (Constantin, Hoyle & Vogeley 2008) . It could favor the observations of such BHs in low-mass void galaxies, or at least provide regions of the Universe to look for low-mass systems. The presence of AGN in voids is still debated today, as in the Void Galaxy Survey (VGS) sample in which only 1 AGN has been identified in a early-type galaxy over 59 galaxies (Beygu et al. 2016 (Beygu et al. , 2017 . Studying BH growth in cosmic voids can also constrain the contribution of the different growth channels, i.e., BH gas accretion and BH-BH mergers. BH mergers are likely to be sub-dominant in void environments. BHs located in the inner region of cosmic voids are also less likely to be impacted by large cold accretion flows from large-scale filaments. Voids represent an excellent opportunity to study the role of nature versus nurture for BH growth.
The present paper aims at studying the properties of galaxies and their BHs in cosmic voids using the state-of-theart cosmological hydrodynamical simulation Horizon-AGN. To date, theoretical studies of the properties of galaxies and BHs in cosmological hydrodynamical simulations have remained limited to individuals void regions, e.g. using zoomin simulation method (Kulier et al. 2015) . While this allows to analyze a few regions in details carefully, it does not provide a cosmological view of the diversity of void environments neither a statistical understanding of the galaxy and BH properties in voids.
The simulation Horizon-AGN has been able to reproduce a large range of galaxy properties (Dubois et al. 2014 Kaviraj et al. 2017) , and BH properties , and is, therefore, suitable for the present investigation. Several reasons motivate the analyses presented in the following. First, we are in a crucial period: while galaxy properties in cosmic voids have been studied in broad observational surveys as SDSS, for which the voids have large sizes of few tens cMpc, studying their properties in large-scale cosmological hydrodynamical simulations has been neglected. In state-of-the-art simulations such as the one we use in this paper, of side length 100 cMpc, the sizes of cosmic voids are smaller than in some of the SDSS analyses (we discuss this aspect in more details in the paper). The next-generation hydro cosmological simulations have increased volume, as the IllustrisTNG with 300 cMpc side length (Pillepich et al. 2018 ). They will allow for the identification of voids with sizes and statistics similar to those of the SDSS surveys. The potential benefit of cosmic voids to study and constrain BH formation has been neglected as well. Observationally the presence of AGN in voids is unclear; in this paper we provide predictions on the expected population of BHs in cosmic voids. Our present analysis, although based on smaller voids than in observations, paves the way for future investigations. In this context and because the paper lies at the edges of several domains such as the physics of voids, galaxies and BHs, we describe in details the technique that we use to identify voids in the simulation, and the physical motivation for each analysis. We also discuss in further detail the perspectives of such analyses and ongoing other investigations at the end of the paper. Finally, we also point out that the next generation of galaxy surveys, such as the Prime Focus Spectrograph (PFS, 15deg 2 of the sky, and 1400 deg 2 for the wide field), the Euclid mission (15000 deg 2 for the full spectroscopic survey, deep field of 40 deg 2 ), and the Wide Field Infrared Survey Telescope (WFIRST, 2200 deg 2 for the full spectroscopic survey, ∼ 10 deg 2 for the deep field), will be crucial to enable new progress for our understanding of galaxy properties in cosmic voids (Pisani et al. 2019) . The new mission SPHEREx promises also to be a powerful tool to study the large-scale structures by mapping the entire sky (∼ 40000 deg 2 ) soon, with a focus at relatively low redshift (z < 0.6). We describe the simulation Horizon-AGN and its relevant physical models in Section 2, and the void finder code in Section 3. We present the galaxy evolution in voids in Section 4, and BH evolution and properties in Section 5.
COSMOLOGICAL SIMULATIONS
HORIZON-AGN
Ramses code and initial conditions
In this paper, we analyze the large scale state-of-theart cosmological hydrodynamical simulation Horizon-AGN (Dubois et al. 2014 ). The simulation is run using the adaptive mesh refinement hydrodynamical cosmological code Ramses (Teyssier 2002) . Particles are projected on the grid with a Cloud-In-Cell interpolation, and the Poisson equation is solved with an adaptive Particle-Mesh solver. The Euler equations are solved with a second-order unsplit Godunov scheme using an approximate HLLC Riemann solver, with a Min-Mod total variation diminishing scheme to interpolate the cell-centered values to their edge locations. The initial mesh is refined with seven levels of refinement, which corresponds to a spatial resolution up to ∆x = 1 kpc. Cells are refined (unrefined) based on a quasi-Lagrangian criterion: with more (less) than 8 DM particles in a cell, or with a total baryonic mass higher (smaller) than 8 times the DM mass resolution. To keep the refinement homogeneous in physical units throughout cosmic time a new refinement level is allowed only when the expansion factor is doubled, namely for aexp = 0.1, 0.2, 0.4 and so on. The simulation uses a standard Λ cold dark matter cosmology, with parameters compatible with those of the Wilkinson Microwave Anisotropy Probe (WMAP7) parameters 1 (Spergel et al. 2007 ): total matter density Ωm = 0.272, dark matter energy density ΩΛ = 0.728, amplitude of the matter power spectrum σ8 = 0.81, spectral index ns = 0.967, baryon density Ω b = 0.045 and Hubble constant H0 = 70.4 km s −1 Mpc −1 .
Physics of the simulation
Here, we summarize the main sub-grid models of the simulations. All details can be found in Dubois et al. (2014) .
Radiative cooling and photoheating by UV background
Radiative cooling is modeled with the cooling curves of Sutherland & Dopita (1993) ; the gas cools down to 10 4 K through H, He, with a contribution from metals. To mimic reionization, photoheating from a uniform ultraviolet radiation background is added, taking place after redshift z=10, following Haardt & Madau (1996) . The metallicity of the gas is modeled as a passive variable, which makes it easily trackable over the gas flow through cosmic evolution. An initial metallicity background of Z = 10 −3 Z is used for the two simulations. The metallicity is then modified by stellar physical processes, such as the injection of gas ejecta from SN explosions and stellar winds. The simulations account for the release of various chemical elements synthesized in stars and released by stellar winds and SNe: O, Fe, C, N, Mg, and Si, however, these elements do not contribute separately to the cooling curve.
Star formation and SN feedback
Star formation occurs in dense (ρ > ρ0, with ρ the density of the gas, ρ0 = 0.1 H cm −3 the gas hydrogen number density threshold, see equation 1) and cold (T < T0, see equation 2) cells. The value ρ0 is computed in order to resolve the Jeans mass with 4 cells (Truelove et al. 1997) . Star formation is modeled with a Kennicutt-Schmidt law:
withρ the star formation rate density, = 0.02 the star formation efficiency (constant with redshift), ρ the density of the gas and t ff the free-fall time of the gas. Stars are created with a Poisson random process calculating the probability to form N stars with a mass resolution of mres, = ρ0∆x 3 ∼ 2 × 10 6 M . The gas follows an adiabatic equation-of-state (EoS) for monoatomic gas with adiabatic index γ = 5/3, except at high gas densities ρ > ρ0, where a polytropic EoS is used to increase the gas pressure in dense gas in order to limit excessive gas fragmentation by mimicking heating of the interstellar medium from stars (Springel & Hernquist 2003) :
with T the gas temperature, T0 the temperature threshold, ρ0 the density threshold, and κ = 4/3 the polytropic index of the gas. Stellar SN feedback is modeled assuming a Salpeter (1955) initial mass function with a low-mass cut-off of 0.1 M , and a high-mass cut-off of 100 M . The implementation corresponds to a kinetic SN feedback (see Rosdahl et al. 2017 , for a comparison of the different SN feedback implemented in the code Ramses).
Black hole formation and AGN feedback
BHs are represented as collisionless sink particles, that are able to accrete gas from surrounding cells and merge together. BH formation occurs in dense regions where ρ > ρ0, initial BH mass is fixed and equal to M seed = 10 5 M , or less if the amount of gas needed is not available. BHs are not allowed to form closer than 50 kpc from an existing BH, to avoid the formation of several BHs within the same galaxy. However, several BHs are found in galaxies, because of galaxy-galaxy mergers (see Volonteri et al. 2016) . The BH population is in good agreement with observational constraints. The scaling relation between BH mass and the total stellar mass of their host galaxies is tight, especially at higher mass galaxies. The accretion onto the BHs is described by the minimum between a Bondi-Hoyle-Lyttleton accretion rate and the Eddington accretion rate, with:
where α is a boost factor (Booth & Schaye 2009 ) (α = (ρ/ρ0) 2 for ρ > ρ0, and α = 1 otherwise), G is the gravitational constant, MBH the mass of the BH,ρ the average density of the medium,c the average of the sound speed,v the average velocity of the gas relative to the BH, mp the proton mass, r = 0.1 the radiative efficiency, and σT the Thomson cross-section. BHs can impact their surroundings, and particularly their host galaxies through AGN feedback. The suite of these two simulations Horizon-AGN and Horizon-noAGN, with and without AGN feedback, is a powerful tool to analyze the impact of AGN feedback. AGN feedback is a combination of two modes (see Dubois et al. 2012 , for a complete description of the implementation): radio mode for low accretion rates whenṀBH/Ṁ Edd < 0.01, and quasar mode for high accretion rates withṀBH/Ṁ Edd > 0.01. The radio mode deposits AGN feedback energy into a bipolar cylindrical outflow with a jet velocity of 10 4 kms −1 , with an energy ofĖAGN = f rṀBHc 2 , with an efficiency f = 1. The quasar mode is thought to happen after an episode of high gas accretion onto a BH, which can take place mostly in high redshift galaxies, which are gas rich, and therefore provide a gas reservoir to feed the BH. The quasar mode is modeled as an isotropic injection of thermal energy into the gas within a sphere of radius ∆x with an energy ofĖAGN = f rṀBHc 2 , and an efficiency f = 0.15 so that the scaling relations between BH mass and galaxy properties such as velocity dispersion, and BH density in the local Universe (Dubois et al. 2012 ) are reproduced.
Dark matter halo, galaxy and BH catalogs
Dark matter halos and sub-halos are identified using Adap-taHOP halo finder (Aubert, Pichon & Colombi 2004) (HaloMaker), which uses an SPH-like kernel to compute densities at the location of each particle and partitions the ensemble of particles into sub-halos based on saddle points in the density field. A total of 20 neighbors are used to compute the local density of each particle, and the density threshold is fixed to ∆c = 178 times the average total matter density. The force softening (minimum size below which substructures are considered irrelevant) is ∼ 2 kpc. The dark matter resolution is MDM = 8×10 7 M , and only dark matter halos with more than 50 dark matter particles are considered here (MDM 5 × 10 9 M ).
We use the stellar distribution to identify galaxies, following the same scheme as for halos. Galaxies with at least 50 stellar particles are considered here, which correspond to galaxies with stellar masses of M gal 2 × 10 8 M .
Finally, we assign BHs to their respective host galaxies with both criteria in mass and position. A BH is assigned to a galaxy if located within its virial radius. If several BHs are found within the same galaxy, the most massive BH is assigned as the central BH. Colored circles indicate the position of the galaxies considered as included in a given cosmic void (we only show galaxies within 0.8R void ), galaxies of the same colors are within the same void. The size of the circles is proportional to the volume of the Voronoi tessellation cell in which a given galaxy is embedded. The top left void provides an example of void structure, with the most isolated galaxies at the center of the void (large circles), and non-isolated galaxies (small circles for small Voronoi cell volume) at the edges. These latter galaxies are likely to be considered as wall or shell galaxies in our analysis. Left panel: Zoom into a void region where galaxies belonging to the void are highlighted with red circles. These circles are proportional to the galaxy Voronoi cell volume. The background represents the density of the tracers, here the simulated galaxies, light blue regions having a higher density of galaxies.
FINDING VOID GALAXIES IN HORIZON-AGN

Identifying cosmic voids and void galaxies
Cosmic voids are becoming an increasingly important part of large-scale structure analysis. For this reason, many algorithms exist to construct void catalogs from both data and simulations. Some confusion may arise because very different void finders exist, and despite the common goal of selecting low-density areas of the cosmic web, they often follow distinct procedures and hence deal in the end with different objects. In this paper, we focus on 3D voids found in the tracer distribution, which can either be galaxies, dark matter particles, or dark matter halos. We can divide 3D void finders into three main categories (Colberg et al. 2008; Lavaux & Wandelt 2010; Cautun et al. 2018 , and references therein for specific examples). First, void finders can be based on the tracer distribution to define the density field. This family of void finders uses tracers to select under-dense (not empty) regions-and hence can provide a density profile for such regions. The second fam-ily also relies on tracers but will select empty spheres in their distribution. Finally, the last kind of void finder algorithms exploits the dynamical information and defines voids as outflow dominated regions. Cosmological analysis in recent works mainly relies on the two first categories (see e.g. Hamaus et al. 2016 Hamaus et al. , 2017 Hawken et al. 2017; Pollina et al. 2018) .
For the purpose of our work, since we need to study galaxy and BH properties in regions of low density, it would be essential to identify voids that are under-dense but not empty. We thus use a void finder that falls into the first category and selects regions that are under-dense in the cosmic web; hence these zones include tracers in isolated regions. We now present the details of the algorithm we use in this work, and we briefly discuss how we mitigate possible impacts of void definition when performing the selection of void galaxies, by exploiting different outputs of the algorithm.
To analyze the properties of galaxies and BH in voids, we use the VIDE toolkit 2 , a public code based on ZOBOV (Neyrinck 2008) . The void finding procedure relies on a Voronoi Tessellation of the tracer distribution: for each galaxy, a cell is constructed such that any point in the cell is closer to that galaxy. Using galaxies as tracers here is convenient since it mimics what is done in observations. Interestingly, the method allows obtaining an estimate of the local density by considering the reciprocal of the cell volume as an estimate for the local value of the density field. We will see that this feature is particularly useful for the purposes of our paper. The density minima in the field (corresponding to the largest Voronoi cells) are then used to create catchment basins by joining cells surrounding each minimum. The tessellation and minimum definition step that provides basins are followed by the application of the Watershed Transform (Platen, van de Weygaert & Jones 2007) to construct under-dense regions: it builds a full void hierarchy by merging basins under the condition that the ridge between them is lower than 20% of the mean density of the sample. The void finding procedure defines the center of the void as the volume-weighted barycenter, and the void radius (an effective radius) is then given by
where the volume V gal is the total volume of the Voronoi cells composing the void. Since ZOBOV (and hence VIDE) constructs voids that contain tracers (such as galaxies)-and does not simply find voids by considering empty regions-it is thus possible to analyze the properties of galaxies in the obtained under-dense regions.
It is important to stress that VIDE includes within voids the high-density regions surrounding those voids, commonly known as walls. It means that, if we use voids defined by VIDE, we can use the radius information to analyze galaxy properties when approaching the under-dense central regions of voids. Of course, relying on the void radius means that we will be averaging out the shape information 3 (as void are not spherical on a one to one basis); but it also allows us to see an evolution of features with void radius clearly. Typically we will be able to see how galaxy properties evolve from the under-dense central region of voids to the higher-density region at the void's edge. The effect can be more easily studied thanks to the possibility of stacking voids of different sizes by rescaling them in radius. Hence even though that we average out the void shape information, using void radius provides us with the advantage of analyzing galaxies within regions of similar under-dense properties. We can indeed observe how galaxy and SMBH properties evolve as a function of distance from the center of the void regardless of the size of the voids. Additionally, the center definition relies on the volume weighted barycenter procedure-which means that it bears information about the walls-mitigating the fact that defining a center in regions of low tracer density can be noise dominated and reduce the precision of the center determination. This is the first paper investigating the behavior of galaxies within voids with such a large hydrodynamical simulation.
With this in mind, two possible approaches will be used throughout this paper to study BHs and galaxies in underdense regions. Void galaxies defined with void-centric distance First, it is possible to consider voids found through the full procedure-i.e., voids belonging to the hierarchy that can be defined in the cosmic web-and look for the properties of galaxies in the central and most under-dense regions of such voids. It can be done using the radius R void information. It has the disadvantage of relying on an average measure (voids have very different shapes, the radius of voids being an average quantity, it only partially captures void properties), but allows to stack information based on the void size and enhance the signal over noise by consistently scaling and overlapping voids of different sizes. This method of stacking voids is often used in observational studies to understand the global properties of galaxies in voids as a function of their locations within these voids.
Void galaxies defined with Voronoi cell volume
The second approach is to directly focus on the Voronoi cells by selecting the cells with higher volume (and thus corresponding to the most isolated galaxies). In this framework, the Voronoi tessellation procedure is particularly effective as it provides a quick way to select the most isolated galaxies in the simulation. Interestingly, this second approach can also provide direct access to denser parts of the simulation, thus serving as a valuable comparison with the under-dense regions. It would correspond to look at properties of galaxies near the wall of the void (at r/R void 1 for spherical voids), without any prior assumption on where the cell is. Also, using the Voronoi tessellation information allows to extract information directly using the distance of the cells from the void center instead of the void radius, thus not assuming any particular shape of the void nor spherically averaging such distance (hence, conversely to the above radius-based case).
As both approaches present advantages, we decide to follow both of them in this paper, aiming to understand which one is more efficient and reliable to prepare the analysis of real data (such as an SDSS-based void catalog, for which the same void finder has already been used (e.g., Hamaus et al. 2016 Hamaus et al. , 2017 ). Therefore in the following, we describe the properties of galaxies and their BHs as a function of void-centric distances and Voronoi cell volumes.
Void galaxy catalog from Horizon-AGN
We describe in this section the void catalog that we have computed for Horizon-AGN at redshift z = 0. In Fig. 1 , we show the 3D simulation box of Horizon-AGN, where we highlight the galaxies located in cosmic voids as colored circles, whose radii are equal to twice the volume of their Voronoi tessellation cells derived with the void finder code. The 36 cosmic voids identified are shown in different colors. We show one of these cosmic voids in the left side panel, where again galaxies belonging to the void are shown as red circles. As explained below, we have made conservative choices to select our sample of voids.
In Fig. 2 , we show the size distribution of the voids identified in Horizon-AGN. We find that the voids in Horizon-AGN have a median radius ofR void = 3.8 cMpc/h and a median volume ofṼ void = 230 (cMpc/h) 3 . These voids are smaller than the voids identified in observations. For comparison, the voids identified in the SDSS DR7 survey considered in Ricciardelli et al. (2014) have radius 10 cMpc/h. The resolution of the simulation is higher than current observational surveys. Therefore, we have access here to what we could call subvoids. Some of these small under-dense regions might be embedded in larger regions that can only be identified in larger simulated volume or observational surveys. The simulation allows us to describe the low-level structure of the cosmic web with great precision. Our work paves the way to access the information that we could get from upcoming deep-field surveys.
In Fig. 3 , we show the number of galaxies as a function of normalized radius r/R void , i.e. void-centric distance of a galaxy r normalized by the radius R void of the void hosting this galaxy. We identified 1083 void galaxies defined by r/R void 1 in our catalog, which represents less than 1% of the total number of galaxies in the simulation volume at that time. The catalog also includes galaxies with r/R void > 1, which are part of the denser regions around cosmic voids but are still linked to a given void by the void finder code 4 . In the following we divide galaxies in three categories:
• void galaxies: defined as r/R void 1, number of galaxies N void = 1083, 94% of the void galaxies are central galax- Figure 3 . Number of galaxies in voids as a function of their voidcentric distance, normalized to the void radius R void . The dash vertical grey line indicates the radius of the voids. There are 1083 void galaxies with r/R void < 1 in our catalog, which represents about 1% of the total number of galaxies in the simulation at that time. The distribution vanishes after r/R void ∼ 1 because we only include galaxies that are linked to voids in our catalog and not all the galaxies of the simulation.
ies 5 ; when specified, we also sometimes use a more conservative choice and refer to void galaxies as r/R void 0.8 in the following;
• shell galaxies: 0.8 r/R void 1, N shell = 584, 93% are central galaxies;
• inner void galaxies: r/R void 0.65, Ninner = 195, 96% of the inner void galaxies are central galaxies.
We note that while the values chosen to separate categories are chosen for convenience, results are not impacted by the exact thresholds chosen, and are qualitatively robust. We empirically define shell galaxies with the limit r/R void = 0.8, as most of the void galaxy properties (that we study in the following) statistically reach the average behavior of all the simulated galaxy sample at this r/R void value. We hence note that, throughout the whole paper, when we refer to galaxies in the walls of voids (that is in the shell), we expect to find a similar average behaviour as for galaxies of the rest of the simulation.
3.3 Are the most isolated galaxies actually located in the center of cosmic voids?
As explained above, in this paper, we will present galaxy and BH properties as a function of both void-centric radius, and volume of Voronoi cells around galaxies. To understand the connection between these two quantities, we show in Fig. 4 the distribution of Voronoi cell volume around void galaxies for several void-centric radius bins. We see that galaxies embedded in the inner region of voids with void-centric radii or r/R void 0.6 (red distribution) correspond to larger Voronoi cell volume, and even more so . Normalized distribution of Voronoi cell volume of galaxies in voids (orange histogram), and of void galaxies within 50% and 60% of the void radius. Void galaxies close to the center of void preferentially have larger Voronoi cell volume. This shows that galaxies in the inner region of voids, as defined with voidcentric distances, are preferentially isolated galaxies with large Voronoi cell volume. We note some exceptions of r/R void 0.6 galaxies that are not very isolated in the cosmic web, with a lower volume of their Voronoi cells.
for galaxies with r/R void 0.5 (green distribution). The smaller the void-centric distance, the larger the cell volume. This is very instructive: it shows that galaxies in the central region of voids are also, on average, the most isolated galaxies. In theory, selecting galaxies as a function of their void-centric radius, or according to their large Voronoi cell volume should provide us with similar information. In practice, as we work here with a hydrodynamical cosmological simulation of 100 Mpc/h side length that does not contain many voids, using void-centric distances and stacking voids to study the properties of galaxies can lead to some noise in the signal. As the voids do not always have a spherical shape, some galaxies could be considered as living in the central region of void while in reality being at the edges. In this case, using the Voronoi cell volume as an indicator of isolation is essential. We will describe this effect on the different analyses in the following sections.
PROPERTIES OF GALAXIES IN VOIDS
In this section, our primary objectives are to understand what are the properties of galaxies that populate the cosmic voids identified in Horizon-AGN. More specifically, we want to understand the mass properties of these galaxies (section 4.1), how they evolve within their dark matter halos (section 4.2), whether their evolution is driven by in-situ processes (section 4.3), and their ability to form stars (section 4.4). We also analyze how these properties evolve with void-centric distances. Figure 5 . Galaxy mass as a function of normalized void-centric radius r/R void . Grey distribution in the right panel shows the galaxy mass distribution for the full simulation box. On both panels, black lines indicate the mean of the distributions, the solid grey lines the median of the distributions, and the dashed grey lines the standard deviation ±σ. Galaxies located in the inner regions of voids have lower total stellar mass M gal .
Galaxy mass properties in voids
In Fig. 5 , we show the total stellar mass of void galaxies as a function of their void-centric distance in yellow dots. The solid black line indicates the mean of galaxy mass, the solid grey line the median of the distribution, and the dashed grey lines the standard deviation ±σ of the distribution. For comparison, we also provide the mass distribution of galaxies for the entire simulation on the right-side panel, with the same meanings for the different colored lines. The relative abundance of low-mass galaxies is higher in the center of voids. Indeed, there are less and less massive galaxies when approaching the center of voids. The mean mass of galaxies in the simulation is reached at r/R void ∼ 0.8 − 1, in good agreement with observational findings in SDSS galaxy void catalogs (Ricciardelli et al. 2014 ).
In Fig. 6 , we show the PDF of galaxy mass for all galaxies in the simulated volume as grey distributions in the top and bottom panels. The distributions are normalized by the total number Ntot of galaxies in the respective samples; Ntot are given in Section 3.2. In the top panel, we also show the distribution of galaxies at the edges of the voids, with voidcentric distances of 0.8 r/R void 1 (blue histogram), and the mass distribution of inner void galaxies (r/R void 0.65, red histogram). For comparison, in the bottom panel we show the mass distribution of galaxies embedded in large Voronoi cell with a volume larger than 10 (cMpc/h) 3 (blue histogram), and the distribution of even more isolated galaxies with 20(cMpc/h) 3 (red histogram). All the distributions are normalized to the total number of galaxies in the corresponding sample. Star symbols in both panels represent the mean of the distributions.
The median valuesM gal = 1.63, 2.13, 2.23 × 10 9 M are found for the inner galaxies, the shell galaxies, and all the simulated galaxies, respectively. For the mean values 6 , we find M gal = 5.90 × 10 9 M (inner), 1.12 × 10 10 M (shell), 1.27×10 10 M (all). We note here that while the median and the mean of the distributions for inner void galaxies are lower, the difference with shell galaxies and the entire galaxy population of the box are small, and the noise due to small number statistics high.
The mass distribution of the shell galaxies is indistinguishable from the distribution of all the galaxies in the box. However, with a KS test (p = 0.006) we find that the distribution of the inner void galaxies is statistically different. The relative abundance of low-mass galaxies (with M gal 10 10 M ) is higher in the inner region of voids than in the full simulation.
The selection of void galaxies with the volume of their Voronoi cell allows us to select galaxies without close neighbors, i.e., the most isolated galaxies. In the bottom panel of Fig. 6 , we find that the distributions of isolated galaxies with V gal > 10 (cMpc/h) 3 and V gal > 20 (cMpc/h) 3 are both distinct from the distribution of all galaxies (KS test p = 2 × 10 −5 , 2 × 10 −4 respectively). The median values of the distributions are also lower than for all galaxies with M gal = 1.44, 1.28 × 10 9 M for V gal > 10 and 20 (cMpc/h) 3 , respectively. Isolated galaxies have preferentially low mass of M gal 10 10 M .
Stellar mass to halo mass relation
We show the relation between the stellar mass of galaxies and the mass of their host dark matter halos in black dots in Fig. 7 (top panel) . The mean relation is shown as a black line and the 15th and 85th percentiles as the grey shaded area. We show in blue the shell galaxies and in red the galaxies that are located at the inner regions of voids. With a KS test, we find that at fixed halo mass bins, the galaxy stellar mass distribution of the void inner regions is different from the distribution of all galaxies up to M h 10.75 M . On average, and at fixed dark matter halo mass, galaxies in the inner regions of voids have lower stellar masses in low-mass halos of M h 10 10.75 M than in the full simulation. The mean relation for the shell galaxies (not shown here) is very similar to the mean relation for the entire simulation.
Similarly, the bottom panel of Fig. 7 shows the same relation, but we highlight in red the population of galaxies that are isolated in the Voronoi cell with V gal 10 (cMpc/h) 3 . The evolution of these isolated void galaxies also seems different compared to the average evolution in the simulation box. With a KS test, we find that these galaxies have different stellar mass distributions, and have lower stellar mass compared to what we could expect for halos of M h 10 11.25 M .
In the previous section, we have seen that the cosmic voids that we identified in Horizon-AGN preferentially host low-mass galaxies with M gal 10 10 M , compared to what we could expect from the mass distribution of the entire simulated volume of the simulation. In this section, we have shown that for the isolated or the inner void galaxies in relatively low-mass halos with M h 10 11 M the galaxies were, on average, less massive than the other galaxies of the simulation embedded in same mass halos.
creases with decreasing r/R void with log 10 M gal /M = 9.27 (inner), 9.39 (shell), 9.43 (all). Figure 6 . Galaxy mass distribution for all galaxies, normalized to the number of galaxies, in grey shaded distribution in both panels. In the top panel, we also show the distribution of galaxy mass for galaxies located at the edges of voids (0.80 r/R void 1) in blue, and the distribution of inner galaxies (with r/R void 0.65) in red. Ntot values for all samples are given in Section 3.2. In the bottom panel, we show the mass distributions for galaxies with a volume of their Voronoi cell higher than V cell > 10 (cMpc/h) 3 in blue, and the even more isolated galaxies with V cell > 20 (cMpc/h) 3 in red. The inner void galaxy and the isolated galaxy distributions are significantly distinct from the distribution of all simulated galaxies (KS test).
Merger history of void galaxies
Because void galaxies are embedded in underdense regions of the Universe where few to no galaxy mergers are expected, we can expect galaxy evolution in voids to be driven mainly by in-situ processes. The in-situ stellar fraction of a galaxy is defined as the cumulative mass of stars formed in its main progenitors, and not in galaxies that have been merged during its lifetime.
We derive the percentages of galaxies with an in-situ fraction higher than fin−situ = 70% in three different mass bins: 10 8 M gal < 10 9 M , 10 9 M gal < 10 10 M , and 10 10 M gal < 10 11 M . Our threshold of fin−situ is arbitrarily chosen, and quite high since most of the galaxies studied here have low masses and therefore are expected to have high in-situ fractions. Indeed, we find that 98%, 97%, of all the simulated galaxies in the stellar mass bins 10 8 M gal < 10 9 M and 10 9 M gal < 10 10 M , respectively, have more than 70% of their stellar content formed Stellar mass -halo mass relation for all galaxies in the simulation in black, galaxies located in the shells of voids in blue, and located in the inner regions of voids in red. Solid lines show the mean relation, and shaded areas the 15-85th percentiles of the distributions in fixed dark matter halo mass. The stellar mass distributions (at fixed mass halos) are distinct for M h 10 10.75 M (KS test). Bottom panel: The red line and dots show the void galaxies with large Voronoi cells. Their distribution (at fixed halo mass) is different from the distribution for the entire simulation up to M h 10 11.25 M (KS test). Isolated or inner void galaxies have lower stellar masses than what we could expect for their halo masses.
in-situ. Here, we confirm that this is also the case for void galaxies, where even a higher percentage of inner void galaxies have high in-situ fractions (98.5% and 98% for the two first bins). We find that the percentages of galaxies with high in-situ fractions are lower for galaxies located in the void shells: 97.2% and 96.4% for the two first galaxy mass bins, respectively. This indicates that shell galaxies (even with quite low masses 10 9 M ) are more likely to have had mixed stellar formation (in-situ and ex-situ). We find similar results for isolated galaxies, and note that all the most isolated galaxies with V gal 20 (cMpc/h) 3 have higher in-situ fractions than fin−situ 70%. These conclusions are unchanged for the most massive bin 10 10 M gal < 10 11 M , but we do find larger ex-situ stellar contents in these more massive galaxies (e.g., 62.4% of all galaxies in the simulation have in-situ fractions higher than 70%).
Here we have confirmed that, as expected, void galaxies in the inner regions of voids or isolated galaxies in void do not have large ex-situ stellar formation in their lifetime. We note that the percentages of void galaxies with large in-situ fractions is, on average, not so different from the average over all the galaxies in the simulation, and this because we focus on small voids here and so quite low-mass galaxies. We find that selecting isolated galaxies with large Voronoi cell volume can be efficient to build a sample of galaxies with very large in-situ fractions. The larger the cell volume, the more efficient the selection of in-situ stellar formation galaxies. We find that galaxies located in voids are, on average, mainly driven by in-situ processes.
Star formation activity of void galaxies
Star formation rate of inner void and shell galaxies
In Fig. 8 we show how the simulated galaxies are distributed in the SFR -M gal plane 7 . Star formation rates are averaged over 1 Gyr. For visual purposes, we set a lower limit of log 10 SFR/(M /yr) = −3 (shown at log 10 SFR/(M /yr) = −2.8 in Fig. 8 ) for galaxies with a lower star formation rate, including those that are not forming stars (to display them on the figure) . The diagram is divided in hexabins colorcoded by the number of galaxies in each bin. First, we define the star-forming sequence (also called main-sequence, MS hereafter) of galaxies, by taking the mean SFR in the galaxy mass range M gal = 10 9 − 10 10 M , for which we do not expect to find a large fraction of quenched galaxies (i.e., galaxies with reduced SFR, or null SFR). The star-forming sequence is defined by:
with α = −0.368 and β = 0.917. We use this relation for the entire galaxy mass range studied here. We show the star-forming sequence as a solid black line. Our limit to define star-forming galaxies and quiescent galaxies is 25% below the main star-forming sequence (e.g., Brennan et al. 2015; Habouzit et al. 2019) , and is shown as a dashed black line in Fig. 8 . Galaxies with SFR 25% SFRMS are considered as star-forming galaxies. Quiescent galaxies are galaxies with reduced or null star formation rate, sustained in time. Here we define quiescent galaxies as galaxies with SFR < 25% SFRMS. Blue star symbols indicate the 195 void galaxies with r/R void 0.65. Most of these galaxies are forming stars. Only 13% of these inner void galaxies with M gal 10 9 M are quiescent galaxies, 24% in total if we include galaxies with lower stellar mass. Even if a large fraction of inner void galaxies are on the star-forming sequence, we find with a KS test that the SFR distributions of these galaxies, binned in 0.25 dex of stellar mass, are consistent with the distributions Figure 8 . Star formation rate of the galaxies in Horizon-AGN as a function of their total stellar mass, at z = 0. The diagram is divided in hexabins color-coded by the number of galaxies in each bin. The solid black line indicates the star-forming sequence (MS) of the galaxy population and the dashed line our limit to define star-forming vs quiescent galaxies. Inner void galaxies with r/R void 0.65 are shown as blue stars. A large fraction of them are still around the star-forming sequence, and therefore forming stars efficiently.
for the entire simulation. Only the distribution of SFR for the mass bin log 10 M gal /M = 8.5 − 8.75 is different. We do not show the distributions here. However, our findings will need to be checked with larger samples of galaxies as each of the bins here only include less than 30 galaxies. The median SFR value in these bins is always similar or higher for the inner void galaxy distributions than the full simulation distributions. For clarity, we do not show the location of shell galaxies with 0.8 r/R void 1, but they populate a much broader part of the SFR-M gal diagram. The fraction of quiescent galaxies is higher in shell galaxies, with 27% among the M gal 10 9 M , and 37% independently of galaxy stellar mass.
We look at the SFR -M gal plane of isolated galaxies with V gal > 10 (cMpc/h) 3 (not shown here). We find that the median SFR values of the distributions, binned in 0.25 dex of stellar mass, are always higher than for the full simulation distribution. While we could not reject a null hypothesis when comparing the SFR distributions in stellar mass bins for the inner void galaxies and the full simulation distributions, we find with a KS test that the distributions of isolated galaxies are distinct for M gal 10 9.5 M .
As a conclusion, we find here that a high fraction of inner void galaxies are still active, i.e. qualified as starforming galaxies. To define star-forming galaxies and quiescent galaxies in this paper, we have used a cut of 25% dex of the star-forming sequence. With this conservative choice, we find that we can not rule out that the SFR distribution of inner galaxies (r/R void 0.65) is statistically different from the full simulation, but we can for isolated galaxies V gal > 10 (cMpc/h) 3 . If we would instead define quiescent galaxies as having null star-formation rate, the fraction of star-forming galaxies would be higher. For example, the starforming fraction of inner void galaxies would be equal to unity for Mstar 10 10 M .
Star formation properties as a function of void-centric distances
We now turn to study the star-forming properties of void galaxies as a function of their void-centric distances. We show the SFR of galaxies in Fig. 9 (top panel) . The distribution of the SFR for all simulated galaxies is shown on the right panel for comparison. As previously, the mean value binned in r/R void is shown with the black line on the left panel; we also show the mean value of the total distribution in black in the right panel. Similarly, solid grey lines indicate the median of the distributions, and the dashed grey lines the ±σ of the distributions. The mean SFR decreases when approaching the center of cosmic voids from a mean value of SFR ∼ 0.4 M /yr at r/R void = 1.5, which is similar to the mean of the SFR distribution of the simulation ( SFR ∼ 0.36 M /yr), to SFR ∼ 0.25 M /yr at r/R void = 0.5. We report these values in Table 1 . In the bottom panels of Fig. 9 , we also show the specific star formation rate sSFR of the void galaxies and the distribution for the entire simulation. While the stellar mass and the SFR can be significantly biased by the relative abundance of lowmass galaxies in voids, the sSFR is less impacted. The mean sSFR slightly increases for void galaxies with smaller voidcentric radii. It demonstrates that the SFR of void galaxies is slightly lower for inner galaxies on average, but they could be forming stars slightly more efficiently with respect The mean SFR of void galaxies decreases when going further into the void, but the sSFR slightly increases. This means that at least some inner void galaxies form stars slightly more efficiently with respect to their masses, even if they can have lower SFR due to their low masses.
to their galaxy stellar mass than galaxies in the rest of the simulated volume.
Fractions of star-forming galaxies as a function of void-centric distances
We quantify the fraction of void galaxies that are starforming and compare it to the full box galaxy population. Star-forming galaxies are defined as having SFR (averaged over 1 Gyr) higher than 25% of the main star-forming sequence. We first report the fraction of galaxies in the entire simulation box that are forming stars as a green dashed line in Fig. 10 . Similarly, we show the star-forming fraction of two selections of galaxy stellar mass: M gal < 10 9.5 M as a dashed yellow line, and M gal 10 9.5 M as a dashed brown line. We compare these fractions to the fraction of star-forming galaxies in cosmic voids, shown as solid lines in Fig. 10 . We show Poissonian error bars (calculated using the number of galaxies in each radius bin). The fraction of star-forming galaxies is higher in the inner regions of voids than in the full simulation. All void fractions are higher than average for r/R void 0.7, and decrease from the center of voids to r/R void = 1, before oscillating around a constant value. This constant value appears to be lower than the average over all the simulated galaxies of the box (dashed lines) because only including galaxies linked to a given void by the void finder algorithm. We also note that the fraction of star-forming galaxies among the M gal 10 9.5 M galaxies (brown lines) is higher than the average for all galaxies (green lines). However, we find lower star-forming fractions as we use higher stellar mass limit of M gal 10 10.5 M (not shown in Fig. 10 for clarity) , for which the fraction of quenched galaxies starts increasing.
Dividing the sample of void galaxies into low-and highmass galaxies in Fig. 10 allows us to say that the abundance of star-forming galaxies in the inner region of voids is not only due to the prevalence of low-mass galaxies (which are generally predicted to be star-forming). Indeed, we find the same trend for different samples of galaxy stellar mass.
The mass bias in the void galaxy properties, due to the relative abundance of low-mass galaxies, is still subject to intense debate in the literature (in observations, Ricciardelli et al. 2014 Ricciardelli et al. , 2017 , and references therein). We investigate this in more detail for our sample in the following section.
Impact of the abundance of low-mass galaxies in voids?
To investigate the bias toward the abundance of low-mass galaxies in our results, we show in Fig. 11 the mean star formation rate as a function of galaxy stellar mass, for all galaxies in the simulation (black line), for shell galaxies (0.8 r/R void < 1.0, blue line), and for inner galaxies (r/R void 0.65, yellow line). Shaded regions represent the standard deviation ±σ of the samples. Here, we set the minimum value log 10 SFR = 10 −3 M /yr to the galaxies with null star formation rate.
Shell galaxies tend to have a mean SFR higher than galaxies located in the inner regions of voids. This effect stands for all galaxy mass bins. We also find that the mean Table 1 . Mean values of the galaxy total stellar mass of void galaxies (M gal ), star formation rate (SFR), specific star formation rate (sSFR), and BH mass (M BH ), for void-centric distances of r/R void ∼ 0.5, 1, 1.5. For comparison, we also report the mean value of all galaxies present in the simulation on the last right column.
Void galaxies
All galaxies r/R void ∼ 0.5 r/R void ∼ 1.0 r/R void ∼ 1.5 < M gal > (M ) 6.2 × 10 9 1.4 × 10 10 1.3 × 10 10 1.3 × 10 10
2.3 × 10 7 8.4 × 10 7 5.8 × 10 7 5.5 × 10 7 Figure 10 . Fraction of star-forming galaxies as a function of normalized void-centric radius for all galaxies (green solid line), low-mass galaxies with M gal < 10 9.5 M (yellow solid line), and higher mass galaxies with M gal 10 9.5 M (brown solid line). Error bars are Poissonian (calculated using the number of galaxies in each radius bin). To guide the eyes, we also show the starforming fractions averaged over all galaxies in the simulation box, as dashed horizontal lines.
SFR of the two respective populations lies within the standard deviation of the other distribution, meaning that there is a large variance of possible SFR among the galaxies of the two samples. Moreover, shell galaxies have higher SFR than the mean of the entire distribution of simulated galaxies, whereas inner void galaxies are, on average, below the mean relation for all simulated galaxies (black line in Fig. 11 ).
From Fig. 9 , we find that the SFR drops when approaching the inner regions of voids. This effect could have been biased due to the high relative abundance of low-mass galaxies in voids (see Fig. 6 ). However, here we find that for all galaxy mass bins the SFR in voids is lower than the SFR in void shell galaxies. We conclude that in this simulation, the lower SFR in the inner regions of voids can not be interpreted only as a consequence of the low-mass galaxy bias. However, the effect we find here is mild and needs to be investigated in more detail using larger samples of galaxies but also larger simulated or observed volume to further push these results to better statistics. Figure 11 . Mean star formation rate as a function of galaxy mass considering all galaxies in the simulation (black solid line), galaxies in walls defined as 0.8 r/R void < 1.0 (blue solid line), and inner void galaxies defined as r/R void 0.8 (yellow solid line). Shaded areas show the standard deviation ±σ of the distributions. At a given galaxy mass, galaxies embedded in the central region of voids have, on average, lower SFR than galaxies of the same mass in walls. This is independent of galaxy stellar mass, which shows that there is no strong mass bias.
PROPERTIES OF SUPERMASSIVE BLACK HOLES EMBEDDED IN COSMIC VOIDS
We now turn to investigate the properties of BHs in void galaxies. In this paper, we particularly focus on the BH mass distribution, their mass ratio with the host galaxy total stellar mass, their formation time, and their ability to accrete gas. We discuss the BH galaxy occupation fraction in the discussion section at the end of the paper. BH formation and growth in low-density regions of the Universe have been studied by means of zoom-in hydrodynamical cosmological simulations, i.e., by performing a simulation of a smaller region of the initial simulated volume but with a much higher resolution. Using a semi-analytical model 8 on top of the merger-trees extracted from zoom-in simulations, Kulier et al. (2015) find that in void regions the contribution of BH-BH mergers on BH growth can be as low as 1%, against 2.5% in cluster regions. In their work, gas accretion was the dominant process for BH growth. In- stead of analyzing a few zoom-in void regions, here we investigate BH evolution self-consistently and statistically in the cosmic voids of the large-scale cosmological simulation Horizon-AGN.
BH mass properties
We first study the mass distribution of BHs present in galaxies embedded in cosmic voids. Fig. 12 shows the mass of BHs as a function of their void-centric distances. The black solid line shows the mean of the BH mass distribution, the grey solid and dashed lines represent its median and the standard deviation ±σ. For comparison, we also show the mass distribution of all BHs formed in the simulation on the right panel, with the same definitions for the black and grey lines. We find that the relative abundance of lower-mass BHs increases when located closer to their void centers. In other words, the number of more massive BHs decreases with decreasing r/R void . This is similar to our findings for galaxy mass in Fig. 6 , i.e., the prevalence of low-mass galaxies when moving to small void-centric distances. For both galaxies and BHs, we observe that the decline of the mean, and the small decline of the median, of the mass distribution takes place at about r/R void 0.8.
With a KS test, we find that the mass distribution of the inner void BHs (r/R void 0.8), as well as the distribution of the shell BHs (0.8 < r/R void 1), are statistically different from the distribution of the entire simulation (p = 0.087, 0.015, respectively). However, we can not reject that the mass distribution of the inner BHs is statistically different from the distribution of shells BHs.
Co-evolution between BHs and their host galaxies
Both the means of BH and galaxy mass drop when approaching the center of voids. Can the presence of lower mass void BHs be interpreted as a consequence of the high number of Figure 13 . BH mass -galaxy mass relation for all simulated galaxies in black, for shell galaxies with 0.8 r/R void 1 in grey, and void inner galaxies with void-centric radius r/R void 0.65. BHs located in inner void galaxies or shell galaxies seem to follow the global behavior of the entire simulation.
low-mass galaxies in the inner regions of cosmic voids? To investigate this possible effect, we quantify how galaxies and their central BHs co-evolve together in the following.
BH mass -galaxy stellar mass diagram
We first present the BH mass -galaxy total stellar mass diagram in Fig. 13 at z = 0. We show all the galaxies in the simulation as black dots. As in all cosmological hydrodynamical simulations, there is a tight correlation between BH mass and the total stellar mass of their host galaxies (e.g., Sijacki et al. 2015; Volonteri et al. 2016, and Habouzit et al. (in prep) for a comparison of the scaling relation of 6 large-scale cosmological simulations). We represent the void shell galaxies as grey dots (0.8 r/R void 1), and the inner void galaxies (r/R void 0.65) as red star symbols. Please note that here we do not show the BHs located within 0.65 r/R void 0.8. Interestingly, we see in Fig. 13 that our void sample do not include all the smallest galaxies and BHs. It is not surprising since we have made conservative choices when building our sample of void galaxies, our voids also have small sizes. Some of the galaxies on the lower left side of Fig. 13 could therefore turned out to be embedded on voids, but not included in our sample. A given fraction of these galaxies could also be satellite of more massive galaxies in denser regions of the simulations, and therefore not belonging to voids.
From Fig. 13 , BHs located in the inner regions of voids do not seem to be overmassive or undermassive with respect to the stellar mass of their galaxies. A selection with Voronoi cell volume leads to similar results, i.e., that BHs embedded in more or less larger Voronoi cells are not particularly under-or overmassive, but rather seem to evolve consistently with respect to their host galaxies. In the next Table 2 . Median and ±1σ of BH mass to total stellar mass ratio distribution for the three selections of galaxies showed in Fig. 14. We find very similar parameters of the distributions for all the galaxies of the simulation and the inner void galaxies (r/R void 0.65). We also report the parameters for different cuts, including both void-centric distance selection and Voronoi volume selection, in the last two rows. 14 . Distributions of mass ratio between BHs and their host galaxies, for all simulated galaxies (in grey), or void galaxies with r/R void 0.65 (in red), at z = 0. Histograms are normalized by the number of elements in the samples. The left panel shows the distribution for galaxies independently of their mass, middle panel galaxies with 10 9 M gal < 10 10 M , and right panel the most massive galaxies with M gal 10 10 M . Star symbols indicate the median of the distributions. The distributions of mass ratios in inner void galaxies are very similar to the distributions for galaxies in the entire simulation, meaning that cosmic voids do not host under-or over-massive BHs compared to the mass of their host galaxies. section, we verify this by quantifying the BH to galaxy stellar mass ratios.
BH mass to stellar mass ratios at z = 0
To quantify the co-evolution between the BHs and their host galaxies, we show in Fig. 14 the distribution (normalized to the total number of galaxies in the sample) of the mass ratio MBH/M between the BH mass and the total stellar mass of their host galaxies at redshift z = 0. The mass ratio is an indication of whether galaxies and their central BHs coevolve linearly, i.e., on a linear pathway in the BH mass -galaxy stellar mass diagram, or if the BHs are growing faster or slower than their host galaxies, i.e., a higher or lower mass ratio compared to the entire BH-galaxy population, respectively. We show the mass ratio distribution for all galaxies, independently of their total stellar mass, in the left panel of Fig. 14. Similarly, we also show the same distribution for the galaxies with 10 9 M gal < 10 10 M in the second panel, and finally for the most massive galaxies with M gal 10 10 M in the right panel. For all panels, the full sample of simulated galaxies is shown in grey distributions, and inner void galaxies with r/R void 0.65 are presented as red distributions or red lines in the second panels as it only contains two void galaxies with BHs. Star symbols indicate the median of the distributions. We note that for the less massive galaxies of M gal < 10 9 M , we only find two inner void galaxies with BHs. While these BHs are undermassive compared to their hosts with respect to the average ratio distribution, we can not draw any conclusion for this mass regime based on two objects. The distributions for more massive galaxies are very similar, showing that on average, there are no under-or overmassive BHs compared to their host galaxies in voids. This suggests that mechanisms able to provide mass to galaxies also affect BH growth in the same way and that the co-evolution between void BHs and their host galaxies in voids is not strongly different from the average co-evolution in the full simulation box. We report the median and ±σ of the distributions in table 2. We also report the same quantities for slightly different void galaxy selections including both a criterion on void-centric distance and a criterion on the Voronoi volume of the galaxy cells. The mass ratios are slightly lower for r/R void 0.80 and V gal > 10 (cMpc/h) 3 , i.e. when enforcing that galaxies are isolated, but again very similar when considering even more inner galaxies with r/R void 0.65 (last row of Table 2 ).
BH formation and growth history in cosmic
voids with time
BH growth with time
Do BHs in the inner regions of voids evolve more slowly with respect to the average evolution of BHs in the simulation? To understand this aspect of the BH population properties, we now focus our investigation on the growth history of BHs. We follow back in time all the central BHs of z = 0 galaxies toward higher redshifts. In Fig. 15, we show the corresponding growth of BHs embedded in the shell galaxies (grey lines) and inner void galaxies with r/R void 0.65 (red and blue lines). The bottom panel of Fig. 15 shows the mass ratio of the BH mass at any given time and the final mass at z = 0. We highlight the growth of three BHs that were able to grow to MBH 10 8 M with the three top blue lines in Fig. 15 , and report their properties at z = 0 in Table 3 . These three BHs appear not to be embedded in the most isolated void galaxies. Indeed, the volume of their Voronoi cell is small, with V gal 0.20 (cMpc/h) 3 for these three given BHs. These BHs are not isolated but, because we chose a cut r/R void 0.65, they are labelled as inner void BHs. Their void-centric distances of, respectively 0.64,0.55 and 0.63, pass the cut only tightly. This shows on one side that, if more voids were available, even more conservative cuts than r/R void 0.65 could be used (e.g. r/R void 0.55) to increase reliability. On the other side, it also shows the limitations of relying only on the r/R void cut of the voidcentric distance. These distances have been computed assuming that voids are spherical entities, and the present example illustrates the non-spherical shape of voids, and its impact when selecting void galaxies within a given voidcentric distance only. These BHs that are located close to or within denser regions of the cosmic web have experienced rapid and major growth events, for two of them, that can be related to galaxy mergers and central BH-BH mergers. The last BH has formed quite early (z ∼ 5.5), which is not the case for the vast majority of the void BHs in our study, as explained below. This work highlights that selecting voids by considering conservative and multiple criteria is optimal to ensure a robust selection, especially in the case of low statistics. Stacking voids in large samples of cosmic voids is a powerful way to enhance robustness: it allows for a more conservative choice of what we define as "inner" void galaxies, and reduces the impact of the effects discussed above. similarly to their host galaxies. The three inner void galaxy BHs that are able to grow to M BH 10 8 M by z = 0 (blue lines) appear to have a very small volume of their Voronoi cell (V gal 0.20 (cMpc/h) 3 ), and therefore are not isolated in the cosmic web but rather seating in denser regions. Their void-centric distances show that these three BHs are not located extremely deep into their voids, which is consistent with expectations. They illustrate the non-spherical shape of the small voids that we have identified in Horizon-AGN, and the limitation of selecting void galaxies only based on their normalized void-centric distances (r/R void ). Table 3 . Properties of the inner void BHs with M BH 10 8 M at z = 0. The BH host galaxies have a very low volume of their Voronoi cells, indicating that they are not particularly isolated in the cosmic web but rather seating in denser regions. Based on the void-centric distances, we also note that these galaxies are not located extremely deep into their voids, which is consistent with expectations. 
BH formation time
In this section, we investigate the initial assembly of the BH population. To do so, we trace back in time the BH sink particles to higher redshifts until we reach the time of the first appearance in the simulation. In the following, we name this time the BH formation time (t form ). This time is useful to get a sense of whether the void BHs form at early times or, instead, at pretty late times compared to the BHs in denser regions. As before, we divide the population of void BHs in three samples: inner void BHs (r/R void 0.65), void BHs (r/R void 0.80), and BHs located in shells (0.80 r/R void 1). We provide the mean formation time t form of these samples in Table 4 for different bins of the BH host galaxy stellar mass, i.e. for M gal = 10 8−9 M , 10 9−10 M , 10 10−11 M , 10 11−12 M . On average, BHs embedded in more massive galaxies have formed at earlier times; this is true for both the entire simulation and the voids. To understand whether inner void BHs generally form earlier/later in voids than in other regions of the simulation, we look at the fraction of BHs that has been formed before a given threshold in time for both the void BHs and the full simulation. We choose this threshold to be redshift z = 4 9 . We show the fraction of BHs that have been formed before z = 4 in Table 4 , for all our sample of BHs. We find that BHs embedded in voids form on average at later times than for the full simulation. The effect is enhanced for BHs located in inner void regions. For example, 35% of the galaxies in the stellar mass bin M gal = 10 10−11 M of the full simulation host BHs that have formed earlier than z = 4. However, only ∼ 10% of the void BHs were present at that time, and none of the inner void BHs.
In Horizon-AGN, BHs of 10 5 M are placed in gas cells with a density higher than the density threshold to form stars (i.e., ρ > ρ0) if no other BH has been formed within 50 kpc. The seeding of the simulation is therefore somehow related to the assembly of the galaxies. The apparent late assembly of the inner void BHs could be intertwined to the assembly of their host galaxies.
BH accretion rate: do void galaxies host AGN?
In Section 4, we have seen that the fraction of star-forming galaxies among inner void galaxies is higher than the average fraction of the entire simulated volume for r/R void 0.7 (Fig. 10) . Dense cold gas available to form new stars could also fuel existing central BHs. Early works have suggested that the growth of BHs should be closely linked to the assembly of the host galaxies (Silk & Rees 1998; Kauffmann & Haehnelt 2000) . Correlations between star formation activity and accretion onto BHs are still unclear and subject to debate today (e.g., Mullaney et al. 2012; Chen et al. 2013; Rodighiero et al. 2015; Azadi et al. 2015; Aird, Coil & Georgakakis 2019) . Dense environments with galaxy-galaxy interaction and mergers could also favor the gas supply to the center of galaxies and trigger new star formation episodes and fuel the central BHs (Capelo et al. 2017; Habouzit et al. 2019; Weinberger et al. 2018 , and references therein). However, here we aim at understanding these correlations in under-dense environments where the accretion onto the BHs should not be driven substantially by galaxy-galaxy mergers and interactions with the surroundings. Observational studies have shown that the fraction of strong-lined AGN could be as twice as numerous (at fixed galaxy mass) in under-dense regions with respect to denser regions (Kauffmann et al. 2003) , although with a nonconservative definition of under-dense regions. More recently and based on SDSS DR2 analysis, Constantin, Hoyle & Vogeley (2008) show that AGN are common in cosmic voids. Their study investigates how the accretion properties of different types of spectrally defined AGN (LINERS, Seyferts, Transition objects) correlate with other BH properties and properties of their host galaxies.
BH Eddington ratios
To study the ability of BHs to accrete the surrounding gas, we often use the Eddington ratio quantity, which is defined as the ratio between the accretion rate onto the BHs and their Eddington accretion rate: f Edd =ṀBH/Ṁ Edd . We can consider a BH as being efficiently accretion BH, the so-called AGN, if log 10Ṁ BH/ṀEdd −3. In Fig. 16 , we show the distribution of BH Eddington ratios at z = 0 in all galaxies (left panels), galaxies hosting BHs of 10 6 MBH < 10 7 M (middle panels) and BHs of 10 7 MBH < 10 11 M (right panels). Grey histograms represent the distribution of all simulated galaxies (located in voids or not), black histograms the distribution of Eddington ratios in shell galaxies (defined as r/R void > 0.80), and red histograms show either the distribution of central void galaxies with r/R void 0.65 (top panels), or isolated galaxies with large Voronoi cell volume of V gal 10(cMpc/h) 3 (bottom panels).
However, we find bimodal distributions for the inner void galaxies with or without a selection in BH mass. While a large fraction of BHs have low Eddington ratios with log 10 f Edd −3, there is a given fraction of AGN with log 10 f Edd −3 in all panels. From a KS test, we can not rule out that the distribution of Eddington ratios for the inner void BHs is not drawn from the distribution of the entire simulation (KS test: p 0.3). These results need to be carefully checked with larger samples, as the limited number of inner void BHs is below the sanity number of objects for a KS test. At z = 0, the distribution for all galaxies (in grey) peaks around log 10 f Edd ∼ −4. The distributions of the shell galaxies follow the distributions of all galaxies, independently of BH mass selection (as expected since the shells constitute the walls of voids, and therefore are denser environments). We show the same distribution but for isolated galaxies with large Voronoi cell volume (red) in the bottom plots of Fig. 16 . These distributions, which include a larger number of objects, are statistically different (KS test: p 0.04) from the distributions of the shells or of the entire simulation for 10 6 MBH 10 7 M and 10 7 MBH 10 8 M . In any case, our work demonstrates that at least some of the inner void regions or the isolated regions of the cosmic web host accreting AGN.
We summarize in Table 5 the fraction of AGN in all simulated galaxies and void galaxies. There is an increasing frac- Table 4 . Mean formation time t form of the inner void BHs (r/R void 0.65, first row), void BHs (r/R void < 0.80, second row), and BHs located in void shell galaxies (r/R void , third row), for different stellar mass bins. We also show the percentage of BHs that first appear in the simulation before redshift z = 4 (t z>4 ). The choice of this redshift is arbitrary, and only used to provide some insights when we compare to the full simulation (last row). BHs embedded in more massive galaxies tend to form earlier in both the voids and in the full simulation. BHs that are located deeper into the voids have formed more recently on average, compare to BHs located in the shells (which represent denser regions). For the same galaxy stellar mass bins, the BHs in the inner regions of voids have, on average, formed more recently than the global population of BHs in the simulation.
M gal = 10 8−9 M 10 9−10 M 10 10−11 M 10 11−12 M mean t form in inner gal. 2.2 3.0 2.8 4.3 percentage inner gal. with t z>4 0% 0% 0% 50% mean t form in all void gal.
2.5 2.7 3.1 4.9 percentage void gal. with t z>4 0% 0% 9.7% 63% mean t form in shell gal.
2.3 2.5 3.5 4.7 percentage shell gal. with t z>4 0% 1.4% 9.80% 58% full simulation t z>4 1.8% 7.0% 35.3% 82.7% Figure 16 . Eddington ratio distributions for different BH mass bins (left panels: all BH mass, middle panels:10 6 M BH < 10 7 M , left panels: 10 7 M BH < 10 11 M ). Top panels include a selection with void-centric distances (red: r/R void 0.65, black: 0.8 r/R void 1), whereas bottom panels use the volume of the Voronoi cells around void galaxies (V gal 10 (cMpc/h) 3 ). For visual purposes, we set log 10 f Edd = −6.5 for all BHs with lower Eddington ratios. Star symbols indicate the median of the distributions. tion of AGN in more and more massive galaxies (i.e., from the column MBH = 10 6 − 10 7 M to MBH = 10 7 − 10 8 M ) up to the corresponding galaxy mass M gal 3 × 10 10 M . This is true for the entire simulation, but also the different void selections. For example, the fraction of AGN among the inner void galaxies jumps from 16% for MBH = 10 6−7 M to 30% for the MBH = 10 7−8 M BHs. We find lower fractions among the most massive galaxies and correspondingly BHs with MBH = 10 8−9 M , in agreement with the trend for the entire simulated volume. This is a regime that would be affected by quenching, i.e., the suppression of star formation sustained in time, caused by AGN feedback. In cosmological simulations, AGN feedback also often ceases the accretion onto the BHs themselves (Habouzit et al. 2019) . We find no AGN in the inner void galaxies of this mass range. Massive galaxies with these masses are rare in our void sample, and Table 5 . Percentage of AGN with log 10 f Edd −3 in the inner region of cosmic void (red distributions in Fig. 16 , r/R void 0.65), voids (r/R void 0.8), shell galaxies (black distributions, 0.8 r/R void 1), and in the entire simulation for comparison (grey distributions). The size of the samples is given in parentheses. We compute the percentages for several samples binned by BH mass: all BHs, BHs with 10 6 M BH 10 7 M , and BHs with 10 7 M BH 10 8 M . We also show the AGN fraction for different samples of galaxies selected on their Voronoi cell volume: V gal 1(cMpc/h) 3 (the distribution is similar to the grey distribution below, in Fig. 16 ), V gal 10 (cMpc/h) 3 and V gal 20 (cMpc/h) 3 . We find similar or higher fractions of AGN in voids or their inner regions than in the entire simulation. Similar results are found for isolated galaxies (V gal 10 (cMpc/h) 3 ), at least for two of the BH mass ranges. 11% (1/9) 0% (0/5) 25% (1/4) 0% (0/0) Table 6 . Mean galaxy stellar mass (in M ) of the void AGN host galaxies located in the inner region of voids (r/R void 0.65), in voids (r/R void 0.80), in the shells (0.80 r/R void 1). For comparison, we also provide the mean stellar mass of the galaxies hosting AGN in the entire simulation (first row).
all BHs M BH = 10 6−7 M M BH = 10 7−8 M M BH = 10 8−9 M all galaxies 3.2 × 10 9 6.1 × 10 8 2.5 × 10 9 1.2 × 10 10 r/R void 0.65 1.0 × 10 9 4.8 × 10 8 1.3 × 10 9 r/R void 0.80 2.1 × 10 9 5.5 × 10 8 1.9 × 10 9 1.0 × 10 10 shell BHs 3.0 × 10 9 5.9 × 10 8 2.6 × 10 9 1.2 × 10 10 therefore our findings may suffer strongly from the very low number statistics in this mass regime. More importantly, we find that there are more AGN among void BHs (r/R void 0.80) and inner void BHs (r/R void 0.65) than in the shells. For example, we find that 29% of void BHs with MBH = 10 7−8 M are AGN, compared to 22% for the shell BHs, and 23% for same mass BHs of the entire simulation.
We now turn to look in more detail at those AGN in voids to understand what are their properties and where they are located inside the voids. We find that the inner void AGN have a mean void-centric distance of r/R void = 0.5 and a mean volume of the Voronoi cell of V gal = 10 (cMpc/h) 3 for MBH = 10 6−7 M , and r/R void = 0.6 and V gal = 16 (cMpc/h) 3 for more massive BHs with MBH = 10 6−7 M . Therefore these AGN tend to be located in the inner region of cosmic voids, but also in isolated galaxies.
Similarly, we find that isolated galaxies (arbitrarily defined as V gal 10 (cMpc/h) 3 given the distribution of the volume of the Voronoi cells) in voids definitely have a high fraction of AGN (with log 10 f Edd −3), particularly for 10 6 MBH 10 7 M with 29% of AGN. For our selection on Voronoi cell volume we do not require the galaxies to be located within r/R void . In fact, we find that the mean void-centric distance of the AGN in isolated galaxies is r/R void = 0.92 for BHs in the mass range MBH = 10 6−7 M , and r/R void = 0.78 for more massive BHs in the range MBH = 10 7−8 M . Therefore, some of the AGN are located quite far from the spherically defined center of the voids while still being in isolated galaxies. Again, our results highlight here the risk of using only normalized voidcentric distances in stacked observational samples, where void galaxies could be misjudged as not being part of voids. This reaffirms the power of using both void-centric distances and Voronoi cell volume information to build samples of void galaxies-both methods promise to be even more powerful with a larger sample of voids.
To conclude about AGN in voids, a third of the BHs in inner regions of voids could be detected as AGN with log 10 f Edd −3. Therefore, at least some of the void galaxies that are on the star-forming main sequence are also able to fuel their central BHs with Eddington ratios of log 10 f Edd −3. To provide some ideas of the luminosity of these AGN in cosmic voids, we have computed their hard X-ray luminosities (2-10 keV) using the bolometric correction of Hopkins, Richards & Hernquist (2007) . We find that the inner void AGN of MBH = 10 7 − 10 8 M with log 10 f Edd −3 have a mean X-ray luminosity of L2−10 = 41.9 erg/s, the less luminous AGN being L2−10 = 41.5 erg/s and the most luminous L2−10 = 42.4 erg/s. For less massive inner void AGN with MBH = 10 6 − 10 7 M we find L2−10 = 41.7 erg/s and L2−10 = 41.5, 42.0 erg/s for the less and most luminous AGN, respectively.
Galaxy hosts of the void AGN
We provide in Table 6 the mean galaxy mass of the AGN that we discussed above, for the different BH mass bins. We find that the host galaxies of the void AGN have, on average, masses very similar or slightly lower than the AGN galaxy hosts in the entire simulated volume. The AGN host galaxies that we identify in the shells are even more consistent with the AGN hosts in the total simulated volume, as expected since the shells of voids represent denser regions of the cosmic web. For example, the AGN with BH mass in the range MBH = 10 6−7 M , have a mean galaxy stellar mass of M gal = 4.8 × 10 8 M if located in the inner void regions, M gal = 5.9 × 10 8 M in the shells. For comparison, we find M gal = 6.1 × 10 8 M on average for the simulation. We conclude that the AGN that we observe in the void shells are not hosted by particularly different galaxies than in the entire simulation. However, the host galaxies of inner void AGN have lower masses than the average of the simulation.
Galaxies with signatures of AGN activity have been found in observations in moderately bright and moderately massive galaxies in SDSS voids, i.e., with Mr < 20 and M ∼ 10 10.5 M (Constantin, Hoyle & Vogeley 2008) . However, the fraction of AGN in the most massive (M > 10 10.5 M ) or bright galaxies (Mr ∼ 20.5) was found to be lower. This has been confirmed recently in Porqueres et al. (2018) , where they use a 3D high resolution (2.6Mpc/h) density field obtained from a Bayesian reconstruction applied to the M++ galaxy catalog to identify different environments, coupled to the MPA/JHU AGN catalogs (Kauffmann et al. 2003; Brinchmann et al. 2004) . Larger simulations (larger voids, more statistics) will be needed to capture the evolution of the accretion properties in void galaxies more massive than what we can do with Horizon-AGN.
CONCLUSIONS
The analyses of observational samples of void galaxies have shown that these galaxies present different properties in terms of colors, morphologies, sizes of stellar radii, metallicity, compared to galaxies embedded in denser environments of the cosmic web (Rojas et al. 2004 (Rojas et al. , 2005 Patiri et al. 2006; von Benda-Beckmann & Müller 2008; Hoyle, Vogeley & Pan 2012; Kreckel et al. 2012; Cybulski et al. 2014) . Their evolution could also be "late" (Ricciardelli et al. 2014) . In this paper, we have used the state-of-the-art cosmological hydrodynamical simulation Horizon-AGN (100 cMpc side length) to investigate for the first time and statistically the properties of galaxies and BHs in cosmic voids. We have used the VIDE toolkit , a public code based on ZOBOV (Neyrinck 2008) , to identify the cosmic voids. The code uses tracers, in our case galaxies, to reconstruct the density field and select under-dense regions. Therefore, the voids are not defined as empty regions of the cosmic web, but rather as under-dense regions that contain a few void galaxies. Our method mimics what is achievable in observations. We summarize our main results below.
• We have compared two approaches to study the properties of galaxies and BHs in cosmic voids: void-centric distances and the degree of isolation of the galaxies (i.e., with the volume of their Voronoi cell). We find that using only the void-centric distances can lead to the misidentification of inner void galaxies in small and non-spherical voids. Our work highlights the importance of conservative cuts and of the quality of void definition, enhanced by combining voidcentric distance and Voronoi cell volume to select galaxies embedded in very low density regions accurately. This is particularly relevant when studying small cosmic voids and when the statistics is low.
• We find a higher relative abundance of low-mass galaxies in the center of cosmic voids (Fig. 5) . Interestingly, at fixed halo mass and for halos of M h 10 10.75 M , we find that the mean stellar mass of the inner void galaxies is lower than the mean for the entire simulation (Fig. 7) . We find similar results for the isolated galaxies with Voronoi cell volume of V gal 10 (cMpc/h) 3 and M h 10 11.25 M . Inner void and isolated galaxies have a harder time growing in stellar mass compared to other galaxies embedded in the same-mass halos in denser regions of the cosmic web.
• Regarding the star-forming properties of void galaxies, we find that they have, on average, lower SFR ( Fig. 9 ), but slightly higher specific star formation rate sSFR ( Fig. 9) . Therefore, at least some of the void galaxies form stars more efficiently with respect to their mass. Moreover, the fraction of star-forming galaxies is higher in void centers with respect to the fraction in the entire simulation (Fig. 10) . Therefore, the small voids of Horizon-AGN seem to be relatively active regions of the cosmic web.
• We find that these results can not be only attributed to the relative abundance of low-mass galaxies in voids (Fig. 10) . Indeed, we obtain the same enhancement of starforming galaxy fraction in voids for different galaxy mass bins (M gal 10 9.5 M , and M gal 10 9.5 M ).
• We find that the lower SFR in void galaxies stands for all galaxy mass bins (Fig. 11) . The discrepancy is very small but may indicate that the star formation activity could depend slightly on the environment. We argue that our sample of voids galaxies is too small to draw strong and definitive conclusions, but our work shows the importance of investigating this effect on larger volume simulations.
• BHs in central regions of voids have, on average, lower masses than in denser regions of the simulation (Fig. 12) . This is mainly due to the prevalence of low-mass galaxies in voids. In fact, we find that the distribution of the mass ratio between BH mass and their host galaxy stellar mass is not different from the distribution of the full simulation (Fig. 13 ). This suggests that even if the physical processes responsible for growing galaxies and BHs that are located in cosmic voids are different than those in dense regions (number of mergers, dynamical interactions, etc), they impact the growth of the void galaxies and their central BHs in the same way.
• We find that void BHs have, on average, formed more recently than the BHs embedded in similar mass galaxies in the entire simulation. Only the most massive BHs located in voids have formed before redshift z > 4, while an important number of BHs in lower-mass galaxies in the entire simulation formed earlier. Our results could suggest that at least some of the galaxies and their supermassive BHs in our void sample may have assembled at later times.
• The mass assembly of an important number of inner void BHs is slow (Fig. 15 ). These BHs formed at z ∼ 4 or more recently, and only increased their mass of less than one order of magnitude by z = 0. However, some of the BHs located in the inner region of voids (r/R void 0.65) experienced a quite rapid growth. By analyzing their Voronoi cell volumes, we were able to show that these BHs are not close to the deep center of voids, they actually sit near the limit of r/R void 0.65, and therefore are, consistently with expectations, more subject to galaxy mergers and other external processes. A more stringent selection on a larger sample of voids will allow a more robust selection.
• We find a bimodal distribution of the BH Eddington ratios (Fig. 16) , which does not exist for the distribution of all the simulated galaxies, or the distribution of shell galaxies. This bimodal distribution is also present when we divide the void BH sample into low-mass BHs with 10 6 MBH < 10 7 M and more massive BHs MBH 10 7 M . We find that 22 − 24% of void BHs could be detected as AGN with log 10 f Edd > −3. The fraction of AGN varies as a function of void-centric distances and BH mass. In terms of hard X-ray (2-10 keV) luminosities, we find that the inner void galaxies with log 10 f Edd > −3 and 10 6 MBH < 10 8 M have L2−10 10 41.5 erg/s, half of them having L2−10 ∼ 10 42 erg/s.
DISCUSSION
Although our simulation is the largest state-of-the-art hydrodynamical simulation used so far to identify cosmic voids with a Voronoi tessellation algorithm, we are still limited by the simulated volume of Horizon-AGN and can not identify voids as large as in observations (e.g., from the SDSS survey). The mean radius of our voids is R void ∼ 4 cMpc/h, while the radii of the observed voids are of a few tens of cMpc/h (Hoyle & Vogeley 2002; Plionis & Basilakos 2002; Ricciardelli et al. 2014) . Our sample of void galaxies is also relatively small to draw definite conclusions, but our results on galaxy properties are so far in good agreement with observations from SDSS. Our analysis is a first attempt to compare the results from observational surveys to a full hydrodynamical simulation, and would gain from comparing with larger simulations (e.g., the IllustrisTNG simulation of 300 cMpc side length).
Comparisons with a current observational sample of void galaxies
Our analysis on the properties of void galaxies, in its spirit, is very close to the study that was conducted in Ricciardelli et al. (2014) with the SDSS DR7 data. In this section, we compare our results from the cosmological simulation Horizon-AGN to their results. In the observational sample used in Ricciardelli et al. (2014) , low-mass galaxies are also more abundant in voids rather than within their control field, or shell regions defined as galaxies out to 30 h −1 Mpc, which corresponds to r/R void 1.5. Even if our limits to define shell galaxies do not use the exact same values of r/R void , they actually both correspond to the void-centric radius at which we observe the highest number of galaxies, namely what is commonly referred to as the wall of the void (r/R void = 1 for our catalog, and r/R void = 1.5 in Ricciardelli et al. (2014) ). We find a very good agreement for the star-forming properties of the simulated void galaxies (Fig. 9, top panel) and in the observations. The observed SDSS void galaxies have lower SFR when approaching the center of voids, from r/R void = 1.5 to r/R void = 0.3, with a slight increase for r/R void = 0.2 but still with lower SFR than denser regions (Ricciardelli et al. 2014) . Similarly, they find slightly higher specific star formation rates for lower void-centric radii, as we do (bottom panel of Fig. 9 ). It indicates that, on average, the void galaxies could be able to form stars slightly more efficiently with respect to their mass. Some discrepancies arise from the star-forming fraction as a function of void-centric radius for different stellar mass bins. In Fig. 10 , we have shown that the fraction of starforming void galaxies was higher for more massive galaxies of M gal 10 9.5 M , than for galaxies of M gal < 10 9.5 M . However, Ricciardelli et al. (2014) find the opposite trend in the SDSS catalog, i.e., that galaxies of M gal 10 9.5 M have lower SFR than the less massive galaxies. When only selecting galaxies of M gal 10 10.5 M , we find lower fractions of star-forming galaxies. The difference with the observations may be due to the nature of the void galaxy samples. The SDSS voids being larger, and their samples including many more galaxies, they may have a larger fraction of more massive galaxies than we do, which would result in lower fractions of star-forming galaxies.
Discussion for the galaxy properties and the assembly of BHs
Our initial goals were to understand whether the void galaxies have different properties and a different assembly history than galaxies embedded in denser regions and whether these properties were affected by environment. As found in observations, we find that low-mass galaxies are abundant in cosmic voids. Most of these galaxies still lie in the main starforming sequence of the simulation and we find that on average they are forming stars efficiently with respect to their stellar mass, i.e. have a slightly higher sSFR than the average over all the simulated galaxies of Horizon-AGN. This would indeed favor a "late" evolution of the void galaxies, as suggested from observational studies with SDSS (Ricciardelli et al. 2014). Some of the properties of the BHs also seem to favor a late assembly of the void galaxy population. BHs embedded in voids form later than average BHs in the same mass galaxies in the entire simulation. This could indicate that the host galaxies and their BHs assemble later in time in voids than in denser regions. In Horizon-AGN, BH sink particles are formed in dense regions with ρ > ρ0, with ρ0 the density threshold. Therefore the seeding of the simulation is closely tied to the assembly of the stellar content of galaxies. However, we find that the average stellar mass of the inner void galaxies is smaller than for galaxies in denser regions for the same mass dark matter halos (for M h 10 11 M ). This may indicate that the assembly of galaxies and BHs is more difficult and slower in the inner regions of voids and/or in isolated galaxies of the cosmic web.
Further investigations are required to confirm that the galaxies present in the small voids studied here did form later on compared to the ones in the dense regions of the simulation. This can be done by looking at their star formation rate history, both in simulations and observations. Further analyses would also need to understand whether this effect also stands for larger cosmic voids (see discussion below).
Most of the BHs located in the inner regions of voids also have a harder time growing, and barely grow above 10 8 M , for the most efficient. We find that about 20% of the inner BHs could be observed as AGN with Eddington ratio of log 10 f Edd −3, and hard X-ray luminosities of L2−10 = 10 41.5−42.5 erg/s. Observing and investigating BH properties in cosmic voids could help us to understand the rise of the BH population at high redshift, to what extent the growth of BHs can be efficient in the absence of galaxy mergers and/or external interaction, and the early co-evolution between BHs and their host properties. In the simulation, we note that the processes by which the void galaxies grow affect the growth of the central BHs in a similar way, as we find that their mass ratios MBH/M gal at z = 0 is not different from the entire simulation.
The galaxy occupation fraction with BHs, particularly in low-mass galaxies, is a crucial diagnostic of BH formation mechanisms. In the following, we briefly discuss how the occupation fraction could be altered in cosmic voids, and therefore used to improve our understanding of BH formation and evolution. As most of cosmological simulations (but see Bellovary et al. 2011; Habouzit, Volonteri & Dubois 2017) , the seeding of Horizon-AGN does not particularly follow prescriptions from one of the main theoretical BH formation mechanisms (e.g., PopIII remnants, compact stellar clusters, or direct collapse). BH sink particles of ∼ 10 5 M form in dense gas cells in galaxies where BH formation has not occurred yet. The threshold on gas density tends to disfavor the formation of BHs in low-mass galaxies. These large-scale simulations also lack resolution to resolve accurately galaxies of M a few 10 8 M . Therefore, our findings on the occupation fraction in the crucial low-mass regime in large cosmological simulations should be taken with a grain of salt and will need to be investigated with more adequate methods. We address this in more detail in a forthcoming paper. We just mention here that in Horizon-AGN the occupation fraction of galaxies in voids is slightly different from the occupation fraction average over all the galaxies in the simulation. For example, none of the galaxies located at the very center of voids, with r/R void 0.4, host a supermassive BHs. We also find that the inner voids galaxies with r/R void 0.65 have a slightly lower occupation fraction than all galaxies. Similarly, we find pretty low occupation fractions for isolated galaxies (V gal 10 (cMpc/h) 3 ).
Can we use cosmic voids to get some hints of BH formation? Because we find that the BHs in inner void galaxies are still able to growth (at least for some of them) with their galaxies, their pristine properties such as their initial BH masses may have been erased by z = 0.
However, we find that these galaxies have a very high fraction of in-situ stellar formation. Therefore these galaxies have a reduced number of galaxy mergers, and so BH-BH mergers (Fig. 15 ). Without being altered by BH-BH mergers, the BH occupation fraction in the inner cosmic void galaxies could therefore be very close to the true occupation fraction set by the physics of BH formation mechanisms. Our results show that more investigations are needed to understand to what extent voids can be used to study BH formation.
In any case, the fact that these galaxies have lower stellar masses compared to their dark matter halos, makes the inner void galaxies and their BHs very interesting sites to look at for less evolved systems.
7.3 What about the properties of dark matter halos in cosmic voids? and their assembly with time?
Here, we have focused our analysis on the properties of galaxies and BHs, but the properties of dark matter halos in cosmic voids could also be different than in denser environments. Several studies have been conducted using cosmological simulations or zoom-in simulations of under-dense and over-dense regions of dark matter halos (and/or galaxies) to study their properties. We note here that the works mentioned below do not always analyze voids but rather low-density regions, and in any case, they do not identify cosmic voids based on a Voronoi tessellation of the tracer distribution (as we do here with galaxies). Using dark matter simulations, Lee et al. (2017) showed that halos in low-density environments are, on average, more elongated, and have lower spins. The low-density environment of halos does not enclose many other halos that could contribute to building strong enough tidal force fields to spin them up (Lee et al. 2017) . The correlation between the angular momentum of dark matter halos and the angular momentum of their galaxies is still not clear and debated today (Jiang et al. 2019, and references therein) . Different halo angular momentum may also involve differences in the angular momentum of their galaxies, their sizes (Somerville et al. 2018 , and references therein), and consequently on BH fueling (Habouzit et al. 2019) . The interplay between these quantities in cosmic voids needs to be investigated in detail.
Using the Millennium simulation, Fakhouri & Ma (2009 showed that the halo mass growth of 10 12 − 10 15 M halos in void regions was more predominantly obtained through diffuse accretion (instead of mergers). The impact of the environment of these halos was found to be different for different mass bins of dark matter halos. We emphasize here that the dark matter halos in all these studies are more massive than the halos that we identified in our void sample, due to the smaller volume of the simulation.
Halos in denser regions could have assembled at earlier times than halos in under-dense regions, for same mass halos (Tonnesen & Cen 2015; Lee et al. 2017 ) (for M h 10 11 M ), due to earlier formation times, interaction with neighbors systems at earlier times as well. The presence of more filaments could enhance the feeding of the galaxies embedded in these dense-environment halos more efficiently (Tonnesen & Cen 2015) . Instead, galaxies in low-density environments, and particularly in cosmic voids, could assemble later, in agreement with our findings in this paper. Tonnesen & Cen (2015) also shows that while the sSFR of galaxies are higher in under-dense regions at z = 0, the sSFR were higher at high redshift in dense regions. A perspective of our work would be to investigate in more detail the mass growth history of dark matter halos and their galaxies in cosmic voids (possible larger voids), to understand the impact of environment in their assembly.
Discussion on the properties as a function of void sizes
In the present paper, we derived the properties of galaxies and BHs as a function of void-centric distances, averaging information from voids with different sizes. Nevertheless, void evolution and features could have a dependence on void size (for details see, e.g., Sheth & van de Weygaert (2004) ; Hamaus, Sutter & Wandelt (2014) ). Observed void sizes will also change depending on the galaxies that are used as tracers to identify these voids in the first place.
In observations, we are limited by the number density of tracers (linked to the minimum stellar mass or magnitude of galaxies that can be detected by the survey). Since the tracer number density in simulations is generally higher than in observations, observed voids can be larger than voids in our study, where we use a galaxy mass limit of a few 10 8 M . Additionally, voids have a hierarchical structure, hence if a high tracer density is observed by the survey we can find and map in detail the sub-voids composing the larger voids. Our approach to identify voids, based on a Voronoi tessellation and watershed transform, is suitable to measure such a hierarchical structure. It will be of great interest to study the impact on our results of void sizes and void hierarchy with larger simulations, such as IllustrisTNG (300 cMpc length on a side), where the large size provides a robust statistic of voids very different sizes and allows to access the different levels of the hierarchy (voids and sub-voids). The distribution of void sizes in such a simulation and SDSS would be comparable. An interesting perspective of our work will be to directly compare the properties of galaxies in observations and such a simulation, possibly with reduced resolution, to mimic the tracer number densities found in observational data.
Discussion on the void-centric distances vs Voronoi cell volume
In the paper, we have used two different diagnostics to isolate the void galaxies: their void-centric distances (assuming that the voids have spherical shapes) and the volume of the galaxies' Voronoi cells. When considering void-centric distances only, we found that some galaxies are not really located in very low-density regions, but rather in denser regions close to other galaxies. The volume of their Voronoi cells is, indeed, small. Therefore the non-spherical shape 10 of the voids in the simulation affects some of our results when using only the void-centric distances. For example, the growth history of some BHs includes rapid growth events. This is likely triggered by external physical processes such as galaxy mergers and dynamical interactions, which are characteristic of non-isolated environments. Here we are, of course, limited by low statistics: if more (and more populated) voids were available, it would be possible to perform a more conservative selection on radii, focusing on the very inner part of voids. Having a higher number density of tracers would be more reliable and would also allow mapping small voids in detail. In our work, we find that complementing the void-centric distance approach with the information of the Voronoi cells enhances the robustness of the void selection. It allows to truly select isolated galaxies embedded in the inner regions of cosmic voids. We plan to investigate the impact of tracer number density with larger simulations that will also provide better statistics for voids with very different features (sizes, tracer 10 It has been shown in N-body dark matter simulations that cosmic voids at least larger than ∼ 10 Mpc radius become more and more spherical with time (Icke 1984; Sheth & van de Weygaert 2004) , and the shape of voids also becomes increasingly spherical when approaching the interior of voids (van de Weygaert & van Kampen 1993).
number density).
Perspectives on observations
Upcoming observational campaigns will shed new light on the physics of cosmic voids and the evolution of the rare galaxies that they host. The near future surveys of PFS 11 (15 deg 2 ) or WFIRST (Spergel et al. 2015 ) (10 deg 2 deep field) will have high tracer number density, allowing us to study voids of different sizes and relatively high density of tracers even in the very inner regions of voids. Broader surveys such as Euclid will have lower resolution but will cover larger field of view, increasing our statistics for the larger voids. Interestingly, the new telescope eROSITA (Merloni et al. 2012) will soon be able to map the X-ray AGN on the whole sky. It will be possible to compare our results on AGN properties with these new observations, and therefore to better constrain the population of BHs in cosmic voids. This will allow us also to better understand the role of largescale environment in shaping the properties of BHs.
On the other hand, our computational power increases, and we are now able to simulate larger volume simulations of 300 cMpc a side, into which we can identify cosmic voids with similar features as the SDSS voids (e.g., their sizes, resolution of the tracers, etc). Among other points, we will also be able to understand the effect of void sizes on the physical properties of galaxies.
In a couple of forthcoming papers, we will pursue our investigations on BH properties in cosmic voids. We will present the results from a dark matter simulation with a larger volume that allows us to study the BH occupation fraction of void galaxies. Finally, we plan to present a more detailed comparison between BH properties from observations in SDSS and simulated void BHs. We will further extend this work using simulations with larger volume and at higher redshift, to make predictions of galaxy and BH properties in cosmic voids in those regimes. Figure A1 . BH growth with time, for BHs in void galaxies with r/R void < 1 (grey), and isolated galaxies with large Voronoi cell volume of V gal > 10(cMpc/h) 3 (blue). grey lines show the growth of BHs in voids (r/R void < 1). These BHs form more recently and have a hard time growing efficiently to form very massive BHs by the end of the simulation at z = 0.
